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.H\ZRUGV &ROG UROO IRUPLQJ QXPHULFDO VLPXODWLRQ %HOOHYLOOH ZDVKHUV
$EVWUDFW :LWK WKH VWHDG\ LQFUHDVH LQ GHPDQG IRU UROO IRUPHG SURGXFWV GXH WR WKHLU DSSOLFDWLRQ LQ
ILHOGV VXFK DV DXWRPRWLYH FRQVWUXFWLRQ DUFKLWHFWXUH HWF UROO IRUPLQJ FRPSDQLHV DUH FKDOOHQJHG ZLWK
ULVLQJ FXVWRPHU GHPDQGV &RPSDQLHV DUH VWUXJJOLQJ WR EULQJ D SURGXFW WKURXJK IURP GHVLJQ WR PDQX
IDFWXUH DW LPSURYHG UDWHV ZKLOVW DFKLHYLQJ WLJKWHU WROHUDQFHV 7KH UROO IRUPLQJ SURFHVVPD\ DOVR LQGXFH
XQGHVLUDEOH IRUPLQJ GHIHFWV VXFK DV WZLVW GLVWRUWLRQ DQG VWUDLJKWQHVV SUREOHPV 2YHU WKH \HDUV QX
PHULFDO VLPXODWLRQV KDYH EHHQ GHSOR\HG WR DVVLVW ZLWK WKH JHRPHWULF YDOLGDWLRQ RI WKHVH HIIHFWV )RU
WKH SXUSRVH RI WKLV SDSHU DQ LQYHVWLJDWLRQ VKDOO IRFXV RQ DQ LQGLYLGXDO SDUDPHWHU ZLWKLQ WKH ILQLWH HO
HPHQW DQDO\VLV RI WKH FROG UROO IRUPLQJ SURFHVV LH WKH ¶XQNQRZQ¶ VSULQJ HIIHFW DFWLQJ RQ WKH WRS UROO
GXULQJ WKH IRUPLQJ SURFHVV GXH WR WKH LPSOHPHQWDWLRQ RI %HOOHYLOOH ZDVKHUV LQ WKH SLOODU VHW XS 7KLV
SDUDPHWHU LV DVVHVVHG RYHU D UDQJH RI DSSOLHG ORDGV DQG FRPSDUHG ZLWK D VWDQGDUG IULFWLRQ PRGHO ZLWK
IL[HG WRS DQG ERWWRP UROOV 7KH ORQJLWXGLQDO VWUDLQV RQ WKH ILQDO SURILOH WKH JHRPHWULF DFFXUDF\ DQG
WKLFNQHVV YDULDWLRQ DUH REVHUYHG DQG SUHVHQWHG LQ WKLV SDSHU 5HDVRQLQJ LV DOVR SURYLGHG WR H[SODLQ
ZK\ WKH ILQDO SURILOH ERZV LQ WKH YHUWLFDO GLUHFWLRQ
,QWURGXFWLRQ
)LQLWH HOHPHQW DQDO\VLV VRIWZDUH SDFNDJHV KDYH EHHQ GHYHORSHG IRU RYHU IRUW\ WR ILIW\ \HDUV QRZ DQG
KDYH EHHQ GHSOR\HG WR DVVLVW ZLWK WKH JHRPHWULF YDOLGDWLRQ RI WKH IRUPLQJ EHKDYLRXU RI UROO IRUPHG
SURGXFWV 7KLV IRUPLQJ SURFHVV FDQ SURGXFH D ZLGH YDULHW\ RI SURILOHV ZKLFK LQ WKH SDVW WKH DVVRFL
DWHG WRROLQJ GHVLJQ KDV EHHQ PDLQO\ DFKLHYHG WKURXJK D FRPELQDWLRQ RI DQ HPSLULFDO DSSURDFK DQG
KHXULVWLF SURFHVV >@ $V WKH YDULHW\ DQG FRPSOH[LW\ RI UROO IRUPHG SURGXFWV LQFUHDVH ZLWK WKH DG
GLWLRQDO UHTXLUHPHQW WR VDWLVI\ UHOHQWOHVV WROHUDQFHV PRUH VWHSV DUH UHTXLUHG WR PHHW WKLV GHPDQG
LH H[WHQGHG SURGXFW GHVLJQ GHYHORSPHQW FRQVLGHUDWLRQ RI DOWHUQDWH IRUPLQJ VWUDWHJLHV DGGLWLRQDO
IRUPLQJ VWDJHV HWF $V WKH UROO IRUPLQJ GHVLJQ PRYHV DZD\ IURP WKLV HPSLULFDO DSSURDFK WR DGRSW D
QXPHULFDO VLPXODWLRQ PHWKRGRORJ\ WKHUH LV DQ DVVRFLDWHG WLPH DQG FRVW VDYLQJ GXH WR WKH UHGXFWLRQ RI
WKH FRPPLVVLRQLQJ SKDVH WKH FXW GRZQ RI WULDO DQG HUURU SDUWV DQG DOVR OLWWOH GHPDQG IRU UHPDNLQJ RI
WRROLQJ 7KLV EULQJV WKH SURGXFW DYDLODEOH WR PDUNHW DW D VLJQLILFDQWO\ TXLFNHU UDWH 2WKHU PDLQ EHQHILWV
LQFOXGH WKH DELOLW\ WR YLUWXDOO\ LQYHVWLJDWH FKDQJHV LQ VSHFLILF SDUDPHWHUV ZLWKRXW WKH ULVN RI H[SHQVLYH
WRROLQJ DQG WR DSSO\ D TXDOLW\ FRQWURO EHIRUH D FRPSRQHQW LV HYHQ PDGH
7KH LQGXVWU\ SDUWQHU RI WKLV SURMHFW +DGOH\ *URXS %LUPLQJKDP 8. LPSOHPHQW %HOOHYLOOH ZDVK
HUV LQWR WKH UROO WRRO FRQILJXUDWLRQ DV VKRZQ LQ )LJXUH  7KH SXUSRVH RI WKHVH ZDVKHUV LV WR DSSO\
SUHVVXUH WR WKH PDWHULDO VWULS GXULQJ IRUPLQJ LQ RUGHU WR GULYH PDWHULDO WKURXJK HDFK IRUPLQJ VWDWLRQ
7KH\ DUH DOVR XVHG WR DGMXVW WKH JDS EHWZHHQ WKH WRS DQG ERWWRP IRUPLQJ UROOV VLQFH WKH LQFRPLQJ
PDWHULDO JDXJH FDQ YDU\ E\ WKH QRPLQDO WROHUDQFH YDOXHV IURP FRLO WR FRLO
7KH REMHFWLYH RI WKLV SDSHU LV WR FDUU\ RXW DQ LQYHVWLJDWLRQ IRFXVLQJ RQ DQ LQGLYLGXDO SDUDPHWHU
ZLWKLQ WKH ILQLWH HOHPHQW DQDO\VLV )($ RI WKH FROG UROO IRUPLQJ SURFHVV LH WKH ¶XQNQRZQ¶ VSULQJ
HIIHFW DFWLQJ RQ WKH WRS UROO GXULQJ WKH IRUPLQJ SURFHVV GXH WR WKH LPSOHPHQWDWLRQ RI %HOOHYLOOH ZDVKHUV
LQ WKH SLOODU VHW XS
D %HOOHYLOOH ZDVKHU E 6FKHPDWLF F ,PDJH
)LJ  5ROO IRUPLQJ SLOODU FRQILJXUDWLRQ
5ROO )RUPLQJ
&ROG UROO IRUPLQJ LV D PDQXIDFWXULQJ SURFHVV ZKLFK GDWHV EDFNPDQ\ KXQGUHGV RI \HDUV ,W LV FRPSULVHG
RI XVLQJ VKHHW PHWDO WR IRUP D GHVLUHG FRPSRQHQW ZLWK D XQLIRUP FURVV VHFWLRQ 7KLV SURFHVV LV DOVR
UHIHUUHG WR DV FRQWRXU UROO IRUPLQJ DQG LV LGHDO IRU SURGXFLQJ FRPSRQHQWV WKDW KDYH D FRQVWDQW FURVV
VHFWLRQDO SURILOH ZLWK ORQJ OHQJWKV DQG ZKHQ ODUJH TXDQWLWLHV DUH UHTXLUHG +HQFH UROO IRUPHG SDUWV DUH
DGYDQWDJHRXV GXH WR WKH KLJK SURGXFWLYLW\ DW D ORZ FRVW 7KH UDZ PDWHULDO FRQVLVWV RI IODW PHWDO VWULS
ZKLFK LV IHG WKURXJK D QXPEHU RI FRQVHFXWLYH IRUPLQJ SDVVHV (DFK IRUPLQJ SDVV LV FRPSULVHG RI D
VHW RI FRUUHVSRQGLQJ UROO WRROV DQG WKURXJK HDFK SDVV WKH UDZ PDWHULDO LV LQFUHPHQWDOO\ IRUPHG XQWLO
WKH ILQDO SURILOH LV DFKLHYHG DV VKRZQ LQ )LJXUH  7KHUH DUH QXPHURXV UHDVRQV ZKLFK PLJKW SURKLELW
WKH IRUPLQJ RI DFFXUDWH SURILOHV 7R QDPH RQO\ D IHZ SULQFLSOHV WKDW WKH GHVLJQHU PXVW FRQVLGHU IRU
D VXFFHVVIXOO\ IRUPHG SURILOH DV GHVFULEHG E\ (QJOLVK LQFOXGH GHWHUPLQLQJ WKH VHTXHQFH RI EHQGV
IORZHU SODQ WKH VWULS ZLGWK UHTXLUHG WKH HIIHFWV DFWLQJ RQ WKH VWULS PDWHULDO E\ WKH UROO WRROV DQG WKH
HIIHFWV RI UHVLGXDO VWUHVVHV GXULQJ WKH GHVLJQ RI D QHZ SURGXFW >@ +HQFH ZK\ VXFFHVVIXO UROO IRUPLQJ
KDV EHHQ FRQVLGHUHG DQ DUW LQ ZKLFK VHFWLRQDO DQG ORQJLWXGLQDO GHIHFWV DUH DYRLGHG ZKLOVW IRUPLQJ D
GHVLUHG FURVV VHFWLRQ IURP D IODW PHWDO VWULS
D 6FKHPDWLF >@ E ,PDJH
)LJ  5ROO IRUPLQJ SURFHVV
:LWKLQ +DGOH\ *URXS %LUPLQJKDP WKH ODUJHVW LQGHSHQGHQW PDQXIDFWXUHU RI FROG UROOHG PHWDO
VHFWLRQV DQG SURILOHV LQ WKH 8. WKHUH LV D XQLTXH DVVHPEO\ IRU HDFK IRUPLQJ SDVV ZKLFK LQFOXGHV WKH
LPSOHPHQWDWLRQ RI %HOOHYLOOH ZDVKHUV ZKHQ FRPSDUHG WR WKH FRQYHQWLRQDO VHW XS 7KH WRS UROOV LQ WKH
UROO IRUPLQJ SURFHVV DUH VXEMHFWHG WR DQ XQNQRZQ YHUWLFDO ORDGLQJ FRQGLWLRQ GXH WR WKH XVH RI WKHVH
ZDVKHUV LQ WKH VLGH SLOODUV DV VKRZQ LQ )LJXUH  ZKLFK DFWV DV D VSULQJ 7KH PDLQ SXUSRVH RI WKHVH
ZDVKHUV LV WR DSSO\ SUHVVXUH WR WKH VWULS PDWHULDO GXULQJ UROO IRUPLQJ LQ RUGHU WR GULYH WKH PDWHULDO
WKURXJK HDFK IRUPLQJ VWDWLRQ ,Q DGGLWLRQ WR WKLV DGMXVWLQJ WKH SUHVVXUH RQ WKH WRS UROO FDQ DGGUHVV
VRPH RI WKH IRUPLQJ GHIHFWV PHQWLRQHG SUHYLRXVO\ ,Q SDUWLFXODU WZLVW LV D UHVXOW RI ZKHQ DQ H[FHVV RI
IRUPLQJ SUHVVXUH LV DSSOLHG WR WKH IRUPLQJ PDWHULDO >@ 6KRXOG WKH SUHVVXUH EH LQFUHDVHG WKHQ WKLQQLQJ
PD\ DOVR RFFXU &RQVHTXHQWO\ WKLV HORQJDWLRQ RI WKH VWULS PDWHULDO PD\ UHVXOW LQ ZDYLQJ %\ LQFOXGLQJ
WKHVH ZDVKHUV WKH RSHUDWRU SRVVHVVHV JUHDWHU FRQWURO RYHU WKH PDJQLWXGH RI SUHVVXUH DSSOLHG 7KLV LV
GXH WR WKH UDQJH RI WKH ZDVKHUV¶ GHIOHFWLRQ ZKLFK LV GLUHFWO\ SURSRUWLRQDO WR WKH DSSOLHG SUHVVXUH RQ
WKH SURILOH 6KRXOG WKH ZDVKHUV EH UHPRYHG WKHQ WKH SUHVVXUH DSSOLHG UDQJHV IURP QR SUHVVXUH DW DOO
WR D PD[LPXP ZLWK PLQLPXP WXUQV RI WKH DGMXVWPHQW VFUHZ DV VKRZQ LQ )LJXUH  +HQFH ZLWK QR
ZDVKHUV LW LV YHU\ GLIILFXOW WR FRQWURO WKH PDJQLWXGH RI SUHVVXUH DSSOLHG
$QRWKHU DGYDQWDJH RI LPSOHPHQWLQJ WKHVH %HOOHYLOOH ZDVKHUV LV GXH WR WKH QDWXUH RI WKHLU VL]H
2QO\ D VPDOO OLPLWHG DPRXQW RI VSDFH LV UHTXLUHG DQG WKH RSWLRQ RI VWDFNLQJ WKHVH LQ SDUDOOHO RU VHULHV
LV DYDLODEOH WR WKH GHVLJQHU DV VKRZQ LQ )LJXUH 
D 3DUDOOHO E 6HULHV
)LJ  ([DPSOH RI VWDFNHG %HOOHYLOOH ZDVKHUV >@
,W KDV EHHQ QRWHG E\ 3HGHUVHQ DQG 3HGHUVHQ >@ WKDW XVLQJ WKHVH ZDVKHUV LQ SDUDOOHO LQWURGXFHV
ORVVHV SULPDULO\ GXH WR IULFWLRQ EHWZHHQ HDFK RWKHU 7KLV KDV EHHQ VXSSRUWHG E\ ZRUN SXEOLVKHG E\
&XUWL DQG 0RQWDQLQL >@ $V WKHVH ZDVKHUV DUH LPSOHPHQWHG LQ VHULHV WKHVH ORVVHV FDQ EH QHJOHFWHG
1XPHULFDO $QDO\VLV :LWK WKH DGYDQFHV LQ WKH FRPSXWDWLRQDO SRZHU DQG WHFKQRORJ\ ILQLWH HOHPHQW
DQDO\VLV KDV EHHQ ZLGHO\ LPSOHPHQWHG WR SUHGLFW WKH IRUPLQJ EHKDYLRXU RI VKHHW PHWDO IRU PDQ\ SUR
FHVVHV WR LQFOXGH FROG UROO IRUPLQJ 7KHUH LV VWLOO D FKDOOHQJH LQ DFTXLULQJ SUHFLVH DQG UHOLDEOH UHVXOWV
KRZHYHU WKLV LV VXEVWDQWLDOO\ LQIOXHQFHG E\ WKH XVHU¶V NQRZOHGJH DQG FRPSHWHQF\ 1RWH WKDW QXPHU
LFDO VLPXODWLRQV DUH RQO\ WR EH XVHG DV D JXLGH QDWXUDOO\ WKHVH WRROV GR QRW SURYLGH D VROXWLRQ ZLWK
 DFFXUDF\ GXH WR DVVXPSWLRQV DSSOLHG
(DUO\ ZRUN FRQGXFWHG E\ 'XJJDO HW DO >@ FRPSDUHV VLPXODWLRQ DQDO\VLV ZLWK H[SHULPHQWDO IRU
WKH IRUPLQJ RI VLPSOH 8 9 DQG & FKDQQHOV 7KLV ZRUN VLPLODU WR PDQ\ RWKHUV XVHV VLPSOH SURILOHV WR
PLQLPLVH WKH DPRXQW RI YDULDEOHV SUHVHQW LQ WKH SURFHVV 7KLV VKRXOG SURYLGH D WUXH LQVLJKW LQWR WKH
LQIOXHQFH RI WKH SDUDPHWHUV EHLQJ WHVWHG
5HVHDUFK VXUURXQGLQJ WKH DSSOLFDWLRQ RI FRPSXWDWLRQDO DQG H[SHULPHQWDO WHFKQLTXHV WR PHWDO GH
IRUPDWLRQ LQ UROO IRUPLQJ ZDV SURYLGHG E\ 6HQDQD\DNH HW DO >@ ZKHUH WKH PDLQ REMHFWLYH RI WKLV
ZRUN ZDV WR JDLQ D EHWWHU XQGHUVWDQGLQJ RI KRZ PDWHULDO EHKDYHV GXULQJ WKH UROO IRUPLQJ SURFHVV
$ WUDSH]RLGDO VHFWLRQ ZDV LQYHVWLJDWHG XVLQJ D FRPPHUFLDO QXPHULFDO VLPXODWLRQ SDFNDJH  06&
0$5&0(17$7
0RUH UHFHQWO\ %XL DQG 3RQWKRW >@ FRPSDUHV WKH ORQJLWXGLQDO VWUDLQV DQG WUDMHFWRULHV RI WKH GLV
SODFHPHQW EHWZHHQ ERWK H[SHULPHQWDO DQG QXPHULFDO DSSURDFKHV ,W ZDV QRWHG WKDW LQ WKLV ZRUN SHU
IHFWO\ ULJLG GLH UROO ZDV DSSOLHG EDVHG RQ WKH DVVXPSWLRQ WKDW WKH GLHV GR QRW GHIRUP ZKHQ VXEMHFWHG
WR WKH IRUPLQJ SURFHVV 7KH DXWKRU DSSOLHV WKH VXJJHVWHG &RXORPE IULFWLRQ PRGHO E\ +RQJ HW DO >@
ZLWK µ = 0.2 DV WKH FRHIILFLHQW RI IULFWLRQ
6KRXOG VLPXODWLRQ EH UHTXLUHG WR EH VLPSOLILHG IXUWKHU ZLWKRXW FRPSURPLVLQJ WKH UHVXOWV 6KHX
>@ VXFFHVVIXOO\ DOWHUHG WKH ERXQGDU\ FRQGLWLRQV ZKLOVW DFKLHYLQJ WKLV $V RSSRVHG WR WKH UROO WRROV
GHILQHG DV VWDWLRQDU\ZLWK WKH VWULSPDWHULDO PRYLQJ WRZDUGV WKHP DW D JLYHQ VSHHG WKH VWULS LV PRGHOOHG
DV VWDWLF DQG WKH UROO WRROV GULYHQ RYHU WKH PDWHULDO
1XPHULFDO 6LPXODWLRQ PRGHO VHWXS
06&0$5&0(17$7  GHYHORSHG E\ 06& 6RIWZDUH LV WKH ILQLWH HOHPHQW DQDO\VLV VRIWZDUH
WR EH XVHG IRU WKLV LQYHVWLJDWLRQ 0(17$7 LV XVHG IRU WKH SUH DQG SRVWSURFHVVLQJ RI WKH VLPXODWLRQ
ZKLOH WKH DQDO\VLV LV FRPSXWHG E\ 06& 0$5& $XWR&$'  DQG &235$)($ 5) DUH WKH VRIW
ZDUH XVHG WR GHVLJQ WKH WRRO DQG SURILOH JHRPHWU\
$ WUDSH]RLGDO SURILOH ZDV VHOHFWHG IRU LQYHVWLJDWLRQ LQ WKLV FXUUHQW VWXG\ 7KH SURILOH ZDV VXEMHFWHG
WR WKUHH IRUPLQJ SDVVHV EULQJLQJ D IODW VWULS PDWHULDO WR D EHQG RI 55◦ RQ ERWK OHJV DV VKRZQ LQ )LJXUH 
DQG )LJXUH  7KH SURILOH LV QRW IRUPHG SDVW 55◦ DV VLGH UROOV ZRXOG KDYH WR EH LQWURGXFHG WR FRPSO\
ZLWK EHVW SUDFWLFH 6KRXOG VLGH UROOV EH LPSOHPHQWHG WKHUH ZRXOG QDWXUDOO\ EH DQ LQFUHDVH RI SURFHVV
YDULDEOHV ZKLFK PD\ GLVJXLVH WKH WUXH HIIHFW RI WRS UROO SUHVVXUH YDULDWLRQ RQ WKH IRUPHG SURILOH $V WKH
SURILOH LV V\PPHWULF RQO\ KDOI WKH SURILOH LV PRGHOOHG WR UHGXFH WKH VL]H RI WKH PRGHO 8OWLPDWHO\ WKLV
ZLOO UHGXFH WKH WRWDO HOHPHQW FRXQW DQG WKH FRPSXWDWLRQDO SRZHU UHTXLUHG WR FRPSOHWH WKH VLPXODWLRQV
D E
)LJ  D )LQDO SURILOH 	 E )ORZHU SODQ  %HQGLQJ VHTXHQFH
)LJ  1XPHULFDO VLPXODWLRQ  PRGHO VHW XS
7KH UROO IRUPLQJ SURFHVV ZDV VLPXODWHG XQGHU D QXPEHU RI FRQGLWLRQV WKH ILUVW FRQVLVWLQJ RI D
VWDQGDUG IULFWLRQ PRGHO ZKHUH WKH VKHHW PHWDO LV IRUPHG WKURXJK URWDWLQJ UROOV IL[HG LQ SRVLWLRQ DQG
WKH UHPDLQLQJ VLPXODWLRQV FRQVLVWLQJ RI WKH WRS UROO LQ WKH WKLUG IRUPLQJ SDVV DSSO\LQJ D SUHVVXUH RQWR
WKH VKHHW PHWDO ZKLOVW EHLQJ VXEMHFWHG WR D YHUWLFDO GLVSODFHPHQW 7KH SUHVVXUH DSSOLHG ZDV YDULHG WR
GHWHUPLQH WKH LQIOXHQFH RI WKLV SDUDPHWHU RQ WKH ILQDO SURILOH
7KH VWULS PDWHULDO XVHG LQ WKLV LQYHVWLJDWLRQ FRQVLVWV RI JDOYDQLVHG PLOG VWHHO DQG IRU WKLV SDSHU ZDV
FRQVLGHUHG DV DQ LVRWURSLF PDWHULDO 7KLV DVVXPSWLRQ ZDV DSSOLHG LQ RUGHU WR VLPSOLI\ WKH VLPXODWLRQ
7KH PDWHULDO LQ TXHVWLRQ KDV D <RXQJ¶V PRGXOXV RI  *3D \LHOG VWUHQJWK RI  03D DQG 3RLVVRQ¶V
UDWLR RI  DV VSHFLILHG LQ +DGOH\ *URXS¶V PDWHULDO OLEUDU\ >@ ,W LV DVVXPHG WKDW WKH WKHUPDO SURSHU
WLHV DUH QHJOLJLEOH 7KLV VWULS PDWHULDO ZDV DVVLJQHG DV D GHIRUPDEOH ERG\ ,W LV WR EH QRWHG WKDW IRU DQ\
FRQWDFW DQDO\VLV DW OHDVW RQH GHIRUPDEOH ERG\ LV UHTXLUHG (OHPHQW QXPEHU  D QRGH KH[DKHGUDO
HOHPHQW W\SH ZDV VHOHFWHG WR PRGHO WKH WKUHH GLPHQVLRQDO VROLG RI WKH VWULS 7KLV HOHPHQW W\SH KDV
HLJKW LQWHJUDWLRQ SRLQWV DQG LV SUHIHUUHG ZKHQ D FRQWDFW DQDO\VLV LV FRQGXFWHG >@
7KH PDWHULDO IRU WKH UROO WRROV LQ WKLV IRUPLQJ SURFHVV LV W\SLFDOO\ WKURXJK KDUGHQHG ' WRRO VWHHO ,W
LV DVVXPHG WKDW WKHUH ZLOO EH OLWWOH GHIRUPDWLRQ WR WKH WRRO PDWHULDO GXULQJ WKLV SURFHVV GXH WR WKH KLJK
VWLIIQHVV RI WKH PDWHULDO DQG WKXV WKH PDWHULDO ZLOO QRW SODVWLFDOO\ GHIRUP %DVHG RQ WKLV DVVXPSWLRQ
WKH VXUIDFHV RI WKH UROOV DUH GHILQHG DV ULJLG DQG WKHUHIRUH ZLOO QRW GHIOHFW DW DOO 1R PDWHULDO SURSHUWLHV
DUH UHTXLUHG
1RWH WKDW WKHUH DUH D QXPEHU RI ZD\V LQ ZKLFK ULJLG ERGLHV FDQ EH FRQWUROOHG ,Q SDUWLFXODU ULJLG
ERGLHV FDQ EH FRQWUROOHG YLD ORDG RU SRVLWLRQ 7KH WRS UROOV ZHUH FRQWUROOHG E\ ORDG ZKLOH WKH ERWWRP
UROOV ZHUH FRQWUROOHG E\ SRVLWLRQ 7KLV ZDV DSSOLHG WR DOO WKUHH VHWV RI UROOV $ VWDQGDUG IULFWLRQ PRGHO
ZDV VLPXODWHG ZLWK WKH VWULS GULYHQ WKURXJK WKH URWDWLQJ UROOV GXH WR WKH FRQWDFW EHWZHHQ WKH ERGLHV
7KH FRHIILFLHQW RI IULFWLRQ µZDV  IRU WKLV LQYHVWLJDWLRQ 7KH ERWWRP UROOV ZHUH GULYHQ DQG IL[HG LQ
WKHLU RULJLQDO SRVLWLRQ 7KH WRS UROOV ZHUH QRW GULYHQ DQG PD\ URWDWH IUHHO\ 1RWH WKDW IRU D QRQIULFWLRQ
PRGHO ZKHUH WKH UROOV GR QRW URWDWH DQG DUH GULYHQ RYHU WKH PDWHULDO ERWK UROOV ZRXOG EH FRQWUROOHG
YLD SRVLWLRQ $OWKRXJK %XL DQG 3RQWKRW GHVFULEHG IULFWLRQ DV QHJOLJLEOH D IULFWLRQ PRGHO LV XVHG GXH WR
WKH FXUUHQW FRPSXWDWLRQDO FDSDELOLWLHV ZKLFK PHDQV VLPSOLILFDWLRQ RI WKH PRGHO LV QRW HVVHQWLDO :LWK
WKLV PRGHO WKH EHKDYLRXU RI WKH WRS UROO FDQ DOVR EH FRQILJXUHG ZLWK PXFK PRUH HDVH ,Q WKLV VWXG\ LW
ZDV QHFHVVDU\ WR UHOHDVH WKH WRS UROO FRQVWUDLQW LQ WKH YHUWLFDO \GLUHFWLRQ ZKHQ D IRUFH LV DSSOLHG XSRQ
LW
7KH IRUFHV DSSOLHG WR WKH WRS UROO UDQJHG IURP  1 WR  1 DQG LQFUHDVH LQ LQFUHPHQWV RI
 1 )RU WKH SXUSRVH RI WKLV LQYHVWLJDWLRQ LW ZDV DVVXPHG WKDW WKHVH IRUFHV UHPDLQ FRQVWDQW GXULQJ
WKH IRUPLQJ SURFHVV 7KHVH YDOXHV ZHUH DSSOLHG GXH WR WKH GDWD SURYLGHG LQ )LJXUH  ZKLFK SUHVHQWV
WKH ORDG YV GLVSODFHPHQW SURSHUWLHV RI WKH %HOOHYLOOH ZDVKHUV LQ TXHVWLRQ 7KHVH ZDVKHUV ZHUH VRXUFHG
IURP %HOOHYLOOH 6SULQJV /WG 5HGGLWFK 8. DQG DUH VSHFLILHG DV ' )RU IRXU GLVN VSULQJV
VWDFNHG LQ VHULHV WKH WRWDO IRUFH UHTXLUHG IRU PD[LPXP GHIOHFWLRQ LV HTXDO WR WKH IRUFH UHTXLUHG RI D
VLQJOH VSULQJ +RZHYHU WKH WRWDO GHIOHFWLRQ LV HTXDO WR IRXU WLPHV WKH GHIOHFWLRQ RI D VLQJOH GLVN VSULQJ
7KH PD[LPXP IRUFH DSSOLHG ZDV VHW WR  1 LQ WKLV LQYHVWLJDWLRQ LQ RUGHU WR DYRLG H[FHHGLQJ 
RI WKH PD[LPXP GHIOHFWLRQ ZKLFK ZRXOG UHVXOW LQ VLJQLILFDQW IRUFH LQFUHDVH DQG VWUHVV FKDUDFWHULVWLFV
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)LJ  )RUFH YV GLVSODFHPHQW GDWD  ZDVKHUV LQ VHULHV
,W LV ZRUWK QRWLQJ WKDW WKH VWULS JXLGH GRHV QRW VXEMHFW WKH PDWHULDO WR DQ\ GHIRUPDWLRQ DV LW FRQVLVWV
RI WZR IODW UROOV +RZHYHU LW LV DQ LPSRUWDQW FRPSRQHQW LQ WKH SURFHVV DV LW DSSOLHV D FRQVWUDLQW RQ WKH
PDWHULDO EHIRUH LW HQWHUV WKH ILUVW SDVV >@
5HVXOWV DQG 'LVFXVVLRQ
8SRQ FRPSOHWLQJ WKH QXPHULFDO VLPXODWLRQV DV GHVFULEHG LQ WKH SUHYLRXV VHFWLRQV WKH ILQDO SURILOHV
ZHUH DQDO\VHG WR GHWHUPLQH WKH IROORZLQJ SRLQWV JHRPHWULF DFFXUDF\ ILQDO EHQG DQJOH DQG WKH WKLFN
QHVV YDULDWLRQ DORQJ WKH OHQJWK RI WKH VWULS %HIRUH WKHVH SRLQWV DUH GLVFXVVHG WKH YDOLGDWLRQ RI WKH
VLPXODWLRQ PRGHO ZDV UHYLHZHG
9DOLGDWLRQ RI 1XPHULFDO 6LPXODWLRQ 7KH QXPHULFDO VLPXODWLRQV FDUULHG RXW LQ WKLV LQYHVWLJDWLRQ
ZHUH YDOLGDWHG RQ WKH EDVLV RI WKH JHRPHWULF FRUUHODWLRQ EHWZHHQ QXPHULFDO DQG H[SHULPHQWDO UHVXOWV
IRU D VWDQGDUG IULFWLRQ PRGHO 3K\VLFDO VDPSOHV ZHUH REWDLQHG WKURXJK WKH DXWKRU¶V SUHYLRXV ZRUN LQ
ZKLFK D VLPLODU WUDSH]RLGDO SURILOH ZDV DQDO\VHG >@ 7KH JHRPHWULF DVSHFWV FRQVLGHUHG FRQVLVWHG RI
WKH VWUDLJKW HOHPHQW OHQJWKV RI WKH SURILOH D E WKH PDWHULDO JDXJH F DQG WKH ILQDO OHJ DQJOH RI EHQG
G DV VKRZQ LQ )LJXUH  7DEOH  SUHVHQWV WKH UHFRUGHG PHDVXUHPHQWV RI HOHPHQWV D  G IRU ERWK WKH
H[SHULPHQWDO DQG QXPHULFDO VLPXODWLRQV ,W FDQ EH VHHQ WKDW WKH GLVFUHSDQFLHV DUH ZLWKLQ  ZLWK WKH
H[FHSWLRQ RI WKH PDWHULDO JDXJH MXVW XQGHU 
)LJ  3URILOH HOHPHQWV IRU YDOLGDWLRQ
7DEOH  0RGHO YDOLGDWLRQ  QXPHULFDO YV H[SHULPHQWDO GDWD
(OHPHQW ([SHULPHQWDO 1XPHULFDO 9DULDWLRQ 
D  PP  PP 
E  PP  PP 
F  PP  PP 
G ◦ ◦ 
7KH VXFFHVVIXO YDOLGDWLRQ RI WKLV PRGHO WKHQ SURJUHVVHG WKH LQYHVWLJDWLRQ WR VXEMHFWLQJ WKH WRS UROO
LQ WKH WKLUG SDVV ZLWK YDULDEOH SUHVVXUHV DV SUHYLRXVO\ GHVFULEHG
,W LV WR EH QRWHG WKDW ZKLOH LQ WKLV SDSHU WKH DVVXPSWLRQ LV PDGH LQ WKDW WKH VLPXODWLRQ PRGHOV DUH
YDOLGDWHG RQ WKH EDVLV RI JHRPHWU\ WKHUH DUH RWKHU SDUDPHWHUV ZRUWK FRQVLGHULQJ 7KHVH YDOLGDWLRQV
PD\ EH FRQGXFWHG XVLQJ VWUDLQ PHDVXUHPHQW WHFKQLTXHV VXFK DV 0\ODU WDSH RU RSWLFDO VWUDLQ PHDVXUH
PHQW DV ZHOO DV KDUGQHVV DQG PLFURKDUGQHVV PDSSLQJ FDQ EH FRQVLGHUHG
*HRPHWULF $FFXUDF\ ,W FDQ EH REVHUYHG WKDW WKH SURILOH OHDQV GRZQ LQ WKH YHUWLFDO GLUHFWLRQ DV LW
H[LWV WKH ILQDO IRUPLQJ SDVV 7KLV EHKDYLRXU LV WR EH H[SHFWHG GXH WR D QXPEHU RI UHDVRQV 7KH PDLQ
UHDVRQ LV GXH WR D ODUJHU ERWWRP UROO GLDPHWHU IRUPLQJ WKH IODQJH RI WKH SURILOH ZKLFK UHVXOWV LQ DQ
LQFRQVLVWHQF\ RI ORQJLWXGLQDO VWUDLQV DFURVV WKH SURILOH ,W LV VKRZQ LQ WKH ZRUN RI 3DUDOLNDV HW DO KRZ
WKH IODQJH WUDYHOV D JUHDWHU GLVWDQFH WKDQ WKH ZHE WR VXSSRUW WKLV SRLQW >@ 7KH ORQJLWXGLQDO VWUDLQ
DORQJ WKH IODQJH DQG ZHE LQ WKH UROOLQJ GLUHFWLRQ IRU WKH RULJLQDO VWDQGDUG IULFWLRQ PRGHO VLPXODWLRQ
LV SUHVHQWHG LQ )LJXUH D ,W LV FOHDU IURP WKLV JUDSK WKDW WKH IODQJH LV PDLQO\ XQGHU WHQVLRQ DQG WKH
ZHE XQGHU FRPSUHVVLRQ 7KLV UHVXOWV LQ WKH HORQJDWLRQ RI WKH IODQJH ZKLFK EHFRPHV ORQJHU WKDQ WKH
ZHE LQ OHQJWK KHQFH WKH YHUWLFDO ERZ EHKDYLRXU RFFXUV $ FRPPRQ PHWKRG RI DGGUHVVLQJ WKLV LVVXH LV
WR VXEMHFW WKH SURILOH WR DQ DGGLWLRQDO WZR IRUPLQJ SDVVHV ZKLFK DUH VLPLODU WR WKH ILQDO IRUPLQJ SDVV
+RZHYHU WKHVH ILQDO WZR SDVVHV NQRZQ DV OLIWHU SDVVHV DUH WR KDYH D ODUJHU ERWWRP UROO GLDPHWHU WR
FRXQWHU WKH LVVXH RI WKH SURILOH UXQQLQJ YHUWLFDOO\ GRZQ
7KH PDJQLWXGH LQ ZKLFK WKLV YHUWLFDO GLVSODFHPHQW RFFXUV LV PHDVXUHG DQG SUHVHQWHG LQ )LJXUH 
IRU HDFK VLPXODWLRQ VHW XS 7KHUH LV D FOHDU WUHQG LOOXVWUDWLQJ WKDW DV WKH ORDG DSSOLHG LV LQFUHDVHG WKH
YHUWLFDO GLVSODFHPHQW LQ WKH QHJDWLYH GLUHFWLRQ GHFUHDVHV 7KH SURILOH LV VKRZQ WR ERZ XS LQ WKH YHUWLFDO
GLUHFWLRQ ZKHQ D ORDG RI 1 LV DSSOLHG 7KH UHDVRQ IRU WKLV LV D UHVXOW RI WKH WKLQQLQJ HIIHFW DORQJ WKH
ZHE $V WKH IRUFH LV LQFUHDVHG WKH ZHE RI WKH SURILOH LV VWUHWFKHG ORQJLWXGLQDOO\ 2QFH WKLV ORQJLWXGLQDO
VWUDLQ H[FHHGV WKH ORQJLWXGLQDO VWUDLQ DORQJ WKH IODQJH WKH SURILOH ZLOO WUDYHO XS LQ D YHUWLFDO GLUHFWLRQ
DV RSSRVHG WR GRZQ 7KLV GLIIHUHQFH RI VWUDLQV LV FOHDUO\ LOOXVWUDWHG LQ )LJXUH E
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)LJ  /RQJLWXGLQDO VWUDLQ DORQJ ZHE 	 IODQJH D VWDQGDUG IULFWLRQ PRGHO 	 E  1 DSSOLHG ORDG
-25
-20
-15
-10
-5
0
5
10
0 50 100 150 200 250 300 350 400 450
D
is
p
la
c
e
m
e
n
t 
Y
 (
m
m
)
Distance along strip in z-direction (mm)
Original 2000N 3000N 4000N 5000N 6000N 7000N
)LJ  9HUWLFDO GLVSODFHPHQW DORQJ ZHE
)LQDO %HQG $QJOH 7KH ILQDO EHQG DQJOHV RI HDFK SURILOH KDV EHHQ UHFRUGHG DQG SUHVHQWHG LQ 7DEOH 
$ FURVV VHFWLRQ RI WKH SURILOH ZDV VHSDUDWHG  PP IURP WKH EDFN HGJH LQ RUGHU WR PHDVXUH WKLV DQJOH
7KH IURQW VHFWLRQ RI WKH SURILOH ZDV GLVFDUGHG LQ RUGHU WR QHJOHFW WKH IRUPLQJ GHIHFWV ZKLFK RFFXU ZKHQ
WKH VWULS ILUVW FRPHV LQWR FRQWDFW ZLWK HDFK IRUPLQJ SDVV LH EXFNOLQJ 7KHVH DQJOHV REWDLQHG WKURXJK
QXPHULFDO VLPXODWLRQ DUH FRPSDUHG DJDLQVW WKDW PHDVXUHG IRU WKH RULJLQDO VWDQGDUG IULFWLRQ VLPXODWLRQ
ZKHUH QR YHUWLFDO SUHVVXUH LV DSSOLHG WR WKH WRS UROO ,W LV FOHDU WKDW WKHUH LV OLWWOH YDULDQFH EHWZHHQ WKH
ILQDO EHQG DQJOH ZKHQ GLIIHUHQW IRUFHV DUH DSSOLHG ZLWK WKH YDULDWLRQ UDQJLQJ IURP −0.24 WR 0.36
7DEOH  )LQDO EHQG DQJOHV
/RDG DSSOLHG 1 )LQDO EHQG DQJOH ◦ 9DULDWLRQ 
  
  
  
  
  
  
  
7KH UHDVRQ DV WRZK\ WKHUH LV DPLQRU UHGXFWLRQ LQ WKHPHDVXUHG ILQDO EHQG DQJOH WR WKDW VKRZQ LQ WKH
IORZHU SODQ LH 55◦ LV GXH WR D QXPEHU RI SRVVLEOH IDFWRUV 7KHPDLQ IDFWRU PD\ EH GXH WR WKH LQIOXHQFH
RI VSULQJEDFN 6SULQJEDFN RFFXUV DW WKH HQG RI D IRUPLQJ SURFHVV DQG LV DQ HODVWLFDOO\GULYHQ FKDQJH RI
WKH SDUWV VKDSH XSRQ XQORDGLQJ 7KLV LV DOVR NQRZQ DV HODVWLF UHFRYHU\ DQG UHVXOWV LQ JHRPHWULF FKDQJH
ZKLFK LV DQ XQGHVLUHG HIIHFW DV WKLV GHFUHDVHV JHRPHWULF DFFXUDF\ 7KH GHJUHH LQ ZKLFK D PDWHULDO ZLOO
XQEHQG GHSHQGV RQ WKH PDWHULDO FKDUDFWHULVWLFV RI WKH VWULS LH \LHOG HODVWLF PRGXOXV HWF ,Q RUGHU
WR RYHUFRPH WKLV PDWHULDO LV XVXDOO\ EHQW PRUH WKDQ ZKDW LV UHTXLUHG DQG XSRQ UHOHDVLQJ WKH ORDG
VSULQJEDFN ZLOO EULQJ WKH PDWHULDO WR WKH GHVLUHG EHQG DQJOH 7KH DQJOH LQ ZKLFK WKH PDWHULDO LV RYHU
IRUPHG FDQ EH GHWHUPLQHG E\ WKH GHVLJQHU¶V LQWXLWLRQ DQG H[SHULHQFH WKURXJK DQDO\WLFDO PHWKRGV RU
YLD VRIWZDUH VXFK DV 'HIRUPDWLRQ 7HFKQRORJ\ 0RGXOH ,W FDQ EH QRWHG WKDW VSULQJEDFN LV VLJQLILFDQWO\
UHGXFHG DV WKH WHQVLOH VWUHVV DFWLQJ RQ WKH PDWHULDO DSSURDFKHV WKH PDWHULDOV \LHOG VWUHVV >@
7KLFNQHVV 9DULDWLRQ 7KH WKLFNQHVV YDULDWLRQ DORQJ WKH ORQJLWXGLQDO GLUHFWLRQ RI WKH VWULS LV SUHVHQWHG
LQ )LJXUH  7KLV GDWD UHSUHVHQWV WKH WKLFNQHVV VWUDLQ IRU WKH IROORZLQJ WKUHH VLPXODWLRQ FRQILJXUDWLRQV
WKH RULJLQDO VWDQGDUG IULFWLRQ PRGHO VLPXODWLRQ ZKHUH QR IRUFH LV DSSOLHG WR WKH WRS UROO DQG ZKHQ D
 1 DQG  1 ORDG LV DSSOLHG
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)LJ  7KLFNQHVV YDULDWLRQ DORQJ ZHE
7KLV GDWD LV FROOHFWHG WR LOOXVWUDWH WKDW VRPH WKLQQLQJ RFFXUV LQ HDFK RI WKH VLPXODWLRQ VHW XSV
+RZHYHU LW LV FOHDU WKDW DV WKH DSSOLHG ORDG LV LQFUHDVHG WKH PDJQLWXGH RI WKLQQLQJ LV DOVR LQFUHDVHG
7KLV PXVW EH WDNHQ LQWR FRQVLGHUDWLRQ IRU QHZ WRROLQJ GHVLJQV DV WKH GHVLJQHU PXVW VDWLVI\ WROHUDQFHV
DVVRFLDWHG ZLWK WKH SURILOH 7KHUHIRUH WKH IRUPLQJ ORDGV VKRXOG EH UHGXFHG RU D WKLFNHU PDWHULDO VKRXOG
EH VSHFLILHG WR PHHW WKH ILQDO SURILOH WKLFNQHVV UHTXLUHG LI WKLQQLQJ FDQQRW EH DYRLGHG
&RQFOXVLRQ
7KH QXPHULFDO VLPXODWLRQ RI D UROO IRUPLQJ SURFHVV KDV EHHQ SUHVHQWHG LQ WKLV FXUUHQW LQYHVWLJDWLRQ
7KH ILQDO SURILOH LQ WKLV VWXG\ WDNHV WKH VKDSH RI D WUDSH]RLGDO VHFWLRQ ZLWK WKH IODQJHV IRUPHG WR DQ
DQJOH RI 55◦ 7KUHH IRUPLQJ SDVVHV ZHUH PRGHOOHG ZLWK WKH VWULS PDWHULDO FRQVLVWLQJ RI D VWDQGDUG
JDOYDQLVHG PLOG VWHHO 7KH PRGHOOLQJ SURFHVV KDV EHHQ GHVFULEHG WR LQFOXGH WKH EHKDYLRXU RI WKH WRS
UROO ZKHQ D YHUWLFDO IRUFH LV DSSOLHG DQG KRZ WKLV HIIHFWV WKH ILQDO SURILOH 7KLV IRUFH LV DSSOLHG WR
UHIOHFW WKH EHKDYLRXU RI %HOOHYLOOH ZDVKHUV LQ WKH FXUUHQW SLOODU FRQILJXUDWLRQ LQ +DGOH\ *URXS 8.
7KH VLPXODWLRQV DUH FRPSDUHG DJDLQVW D VWDQGDUG IULFWLRQ PRGHO LQ ZKLFK ERWK WKH WRS DQG ERWWRP UROO
DUH IL[HG LQ SRVLWLRQ ZLWK WKH ERWWRP UROO GULYHQ 6SHFLILF UHVXOWV REWDLQHG WKURXJK WKLV VWXG\ LQFOXGH
WKH ORQJLWXGLQDO VWUDLQ DORQJ WKH UROOLQJ GLUHFWLRQ IRU ERWK WKH ZHE DQG IODQJH HOHPHQW WKHPDJQLWXGH RI
ERZLQJ LQ WKH YHUWLFDO GLUHFWLRQ DQG WKH WKLFNQHVV YDULDWLRQ DORQJ WKH SURILOH 8OWLPDWHO\ WKHVH UHVXOWV
H[SODLQ KRZ WKH JHRPHWULF DFFXUDF\ LV LQIOXHQFHG E\ WKH IRUFH DSSOLHG LQ WKH IRUPLQJ SURFHVV 7KH
PDLQ UHODWLRQVKLSV EHWZHHQ IRUFH DQG JHRPHWULF DFFXUDF\ DUH RXWOLQHG EHORZ
 ,QFUHDVH LQ IRUFH→ UHGXFWLRQ RI PDWHULDO WKLFNQHVV
 ,QFUHDVH LQ IRUFH→ LQFUHDVH RI PDWHULDO GHIOHFWLQJ XS LQ YHUWLFDO GLUHFWLRQ DQG
 &KDQJH LQ IRUFH→ PLQLPXP LQIOXHQFH RQ ILQDO EHQG DQJOH
)XWXUH ZRUN PD\ LQFOXGH IXUWKHU GHYHORSPHQW RI WKH QXPHULFDO PRGHO IRU WKH LPSURYHG SUHGLF
WLRQ RI ILQDO SURILOH JHRPHWU\ $ QRQOLQHDU ORDG PD\ EH DSSOLHG WR UHSUHVHQW WKH %HOOHYLOOH ZDVKHUV
EHKDYLRXU DV D IXQFWLRQ RI GHIOHFWLRQ ,Q DGGLWLRQ WR WKLV DQDO\VLV RI WKH VSULQJEDFN FKDUDFWHULVWLFV
PD\ DOVR EH FRQGXFWHG )XUWKHUPRUH WKH DGGLWLRQDO YDOLGDWLRQ PHWKRGV LQYROYLQJ VWUDLQ PHDVXUHPHQW
DQG KDUGQHVV PDSSLQJ PD\ EH FRQVLGHUHG WR IXUWKHU YHULI\ WKH QXPHULFDO PRGHO 1RWH WKDW WKHUH DUH
QXPHURXV YDULDEOHV ZLWKLQ WKH UROO IRUPLQJ SURFHVV HDFK VKRXOG EH LQYHVWLJDWHG LQGLYLGXDOO\ EHIRUH
FRPSLOLQJ D QXPEHU RI WKHVH WRJHWKHU WR PRGHO D UREXVW VLPXODWLRQ
5HIHUHQFHV
>@ 6 +RQJ 6 /HH 1 .LP $ SDUDPHWULF VWXG\ RQ IRUPLQJ OHQJWK LQ UROO IRUPLQJ - 0DWHU 3URFHVV
7HFKQRO   
>@ 1 'XJJDO 0$ $KPHWRJOX */ .LQ]HO 7 $OWDQ &RPSXWHU DLGHG VLPXODWLRQ RI FROG UROO IRUP
LQJ  D FRPSXWHU SURJUDP IRU VLPSOH VHFWLRQ SURILOHV - 0DWHU 3URFHVV 7HFKQRO   
>@ 0$ (QJOLVK 0LQLPLVDWLRQ RI ZDVWH WKURXJK WKH GHYHORSPHQW RI D NQRZOHGJH EDVHG HQJLQHHULQJ
V\VWHP IRU WKH FROG UROO IRUPLQJ SURFHVV 3K' WKHVLV 
>@ 6FKXODU 0HWDO IRUPLQJ KDQGERRN 6SULQJHU 6FLHQFH 	 %XVLQHVV 0HGLD 
>@ $60 +DQGERRN 9ROXPH   )RUPLQJ DQG IRUJLQJ $60 ,QW   
>@ 1/ 3HGHUVHQ 3 3HGHUVHQ 6WLIIQHVV DQG GHVLJQ IRU VWUHQJWK RI WUDSH]RLGDO %HOOHYLOOH VSULQJV -
6WUDLQ $QDO (QJ 'HV   
>@ * &XUWL 5 0RQWDQLQL 2Q WKH LQIOXHQFH RI IULFWLRQ LQ WKH FDOFXODWLRQ RI FRQLFDO GLVN VSULQJV -
0HFK 'HVLJQ   
>@ 5 6HQDQD\DNH , &ROH 6 7KLUXYDUXGFKHOYDQ 7KH DSSOLFDWLRQ RI FRPSXWDWLRQDO DQG H[SHULPHQ
WDO WHFKQLTXHV WR PHWDO GHIRUPDWLRQ LQ FROG UROO IRUPLQJ - 0DWHU 3URFHVV 7HFKQRO  

>@ 49 %XL -3 3RQWKRW 1XPHULFDO VLPXODWLRQ RI FROG UROOIRUPLQJ SURFHVVHV - 0DWHU 3URFHVV
7HFKQRO   
>@ -- 6KHX LQ 3URFHHGLQJV RI WKH WK ,QW &RQIHUHQFH RQ 1XPHULFDO 0HWKRGV LQ ,QGXVWULDO )RUPLQJ
3URFHVVHV &ROXPEXV 2KLR $,3 3XEOLVKLQJ 
>@ +DGOH\ *URXS 0DWHULDO SURSHUWLHV VXPPDU\ FKDUW 8QSXEOLVKHG LQWHUQDO GRFXPHQW 
>@ 0$5& 9ROXPH E (OHPHQW OLEUDU\  
>@ ,QIRUPDWLRQ RQ KWWSZZZEHOOHYLOOHVSULQJVFRPLQGH[KWPO
>@ - 3DUDOLNDV . 6DORQLWLV * &KU\VVRORXULV ,QYHVWLJDWLRQ RI WKH HIIHFWV RI PDLQ UROOIRUPLQJ
SURFHVV SDUDPHWHUV RQ TXDOLW\ IRU D 9VHFWLRQ SURILOH IURP $+66 ,QW - $GY 0DQXI 7HFKQRO
  
>@ .6 7VDQJ 9DOLGDWLRQ RI H[SHULPHQWDO DQG QXPHULFDO PRGHO EHKDYLRXU RI %HOOHYLOOH ZDVKHUV LQ
FROG UROO IRUPLQJ 06F GLVVHUWDWLRQ 8QLYHUVLW\ RI 6WUDWKFO\GH 
>@ - 3DUDOLNDV . 6DORQLWLV * &KU\VVRORXULV 2SWLPL]DWLRQ RI UROO IRUPLQJ SURFHVV SDUDPHWHUV  D
VHPLHPSLULFDO DSSUDRFK ,QW - $GY 0DQXI 7HFKQRO   
>@ :' &DUGHQ /0 *HQJ '. 0DWORFN 5+ :DJRQHU 0HDVXUHPHQW RI VSULQJEDFN ,QW -
0HFK 6FL   
